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Abstract 

We carry out a detailed analysis of the light Higgs bosons in supersymmetric left- 



right models (SLRM). This includes models with minimal particle content and those 
with additional Higgs superfields. We also consider models with non-renormalizable 
higher-dimensional terms. We obtain an upper bound on the mass of the lightest 



CP-even neutral Higgs boson in these models. The upper bound depends only on 
the gauge couplings, and the vacuum expectation values of those neutral Higgs fields 
which control the spontaneous breakdown of the SU(2)l x U(1)y gauge symmetry. 
We calculate the one-loop radiative corrections to this upper bound, and evaluate 
it numerically in the minimal version of the supersymmetric left-right model. We 
consider the couplings of this lightest CP-even Higgs boson to the fermions, and 
show that in a phenomenologically viable model the branching ratios are similar to 
the corresponding branching ratios in the minimal supersymmetric standard model 
(MSSM). We then study the most promising particle for distinguishing the SLRM 
from other models, namely the doubly charged Higgs boson. We obtain the mass 
of this doubly charged Higgs boson in different types of supersymmetric left-right 
models, and discuss its phenomenology. 

Key words: Supersymmetry; left-right symmetry; Higgs boson; doubly charged 
Higgs boson 
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1 Introduction 



One of the central problems of particle physics is to understand how the electroweak 
scale associated with the mass of the W boson is generated, and why it is so small as 
compared to the Planck scale associated with the Newton's constant. In the Standard 
Model (SM) the electroweak scale is generated through the vacuum expectation value 
(VEV) of the neutral component of a Higgs doublet [1]. Apart from the fact that this 
VEV is an arbitrary parameter in the SM, the mass parameter of the Higgs field suffers 
from quadratic divergences, making the weak scale unstable under radiative corrections. 
Supersymmetry is at present the only known framework in which the weak scale is stable 
under radiative corrections [2] , although it does not explain how such a small scale arises in 
the first place. As such, considerable importance attaches to the study of supersymmetric 
models, especially the Minimal Supersymmetric Standard Model (MSSM), based on the 
gauge group SU{2) L x U(1)y, with two Higgs doublet superfields. It is well known that, 
because of underlying gauge invariance and supersymmetry (SUSY), the lightest Higgs 
boson in MSSM has a tree level upper bound of Mz (the mass of Z boson) on its mass [3]. 
Although radiative corrections [4] to the tree level result can be appreciable, these depend 
only logarithmically on the SUSY breaking scale, and are, therefore, under control. This 
results in an upper bound of about 125 — 135 GeV on the one-loop radiatively corrected 
mass [5] of the lightest Higgs boson in MSSMF]. Because of the presence of the additional 
trilinear Yukawa couplings, such a tight constraint on the mass of the lightest Higgs boson 
need not a priori hold in extensions of MSSM based on the gauge group SU{2)l x U{1)y 
with an extended Higgs sector. Nevertheless, it has been shown that the upper bound 
on the lightest Higgs boson mass in these models depends only on the weak scale, and 
dimensionless coupling constants (and only logarithmically on the SUSY breaking scale), 
and is calculable if all the couplings remain perturbative below some scale A [7-13]. This 
upper bound can vary between 150 GeV to 200 GeV depending on the Higgs structure of 
the underlying supersymmetric model. Thus, nonobservation of such a light Higgs boson 
below this upper bound will rule out an entire class of supersymmetric models based on 
the gauge group SU(2) L x U(1) Y - 

The existence of the upper bound on the lightest Higgs boson mass in MSSM (with 
arbitrary Higgs sectors) has been investigated in a situation where the underlying super- 
symmetric model respects baryon (B) and lepton (L) number conservation. However, it 
is well known that gauge invariance, supersymmetry and renormalizibility allow B and L 
violating terms in the superpotentioal of the MSSM [14]. The strength of these lepton and 
baryon number violating terms is, however, severely limited by phenomenological [15,16], 
and cosmological [17] constraints. Indeed, unless the strength of baryon-number violating 
term is less than 10~ 13 , it will lead to contradiction with the present lower limits on the 
lifetime of the proton. The usual strategy to prevent the appearance of B and L violating 



2 The two-loop corrections to the Higgs boson mass matrix in the MSSM are significant, and 
can reduce the lightest Higgs boson mass by up to ~ 20 GeV as compared to its one-loop value 
[6]. 
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couplings in MSSM is to invoke a discrete Z 2 symmetry [18] known as matter parity, or 
R-parity. The matter parity of each superfield may be defined as 

(matter parity) = (-1) 3{B ~ L) . (1) 

The multiplicative conservation of matter parity forbids all the renormalizable B and L 
violating terms in the superpotential of MSSM. Equivalently, the R-parity of any com- 
ponent field is defined by R p = (— 1) 3 ( B_L )+ 2S ' J where S is the spin of the field. Since 
( — 1) 2S is conserved in any Lorentz- invariant interaction, matter parity conservation and 
R-parity conservation are equivalent. Conservation of R-parity then immediately implies 
that superpartners can be produced only in pairs, and that the lightest supersymmetric 
particle (LSP) is absolutely stable. 

Although the Minimal Supersymmetric Standard Model with R-parity conservation can 
provide a description of nature which is consistent with all known observations, the as- 
sumption of R p conservation appears to be ad hoc, since it is not required for the internal 
consistency of MSSM. Furthermore, all global symmetries, discrete or continuous, could 
be violated by the Planck scale physics effects [19]. The problem becomes acute for low 
energy supersymmetric models, because B and L are no longer automatic symmetries 
of the Lagrangian, as they are in the Standard Model. It is, therefore, more appealing 
to have a supersymmetric theory where R-parity is related to a gauge symmetry, and 
its conservation is automatic because of the invariance of the underlying theory under 
this gauge symmetry. Fortunately, there is a compelling scenario which does provide for 
exact R-parity conservation due to a deeper principle. Indeed, R p conservation follows 
automatically in certain theories with gauged (B — L), as is suggested by the fact that 
matter parity is simply a Z 2 subgroup of (B — L). It has been noted by several authors 
[20,21] that if the gauge symmetry of MSSM is extended to SU(2) L x U{l) I&R x U(1) B -l, 
or SU(2)l x SU(2)r x U(1)b-l, the theory becomes automatically R-parity conserving. 
Such a left-right supersymmetric theory (SLRM) solves the problems of explicit B and 
L violation of MSSM, and has received much attention recently [22-28]. Of course left- 
right symmetric theories are also interesting in their own right, for among other appealing 
features, they offer a simple and natural explanation for the smallness of neutrino mass 
through the so called see-saw mechanism [29] . 

Such a naturally R-parity conserving theory necessarily involves the extension of the 
Standard Model gauge group, and since the extended gauge symmetry has to be broken, 
it involves a "new scale", the scale of left-right symmetry breaking, beyond the SUSY 
and SU(2) L x U(1) Y breaking scales of MSSM. In [30] we showed that in the SLRM 
with minimal particle content the upper bound on the mass of the lightest neutral Higgs 
boson depends only on gauge couplings and those VEVs which break the SU (2) L xU (l)y 
symmetry. Here we will present a detailed analysis of the Higgs sector of the left-right 
supersymmetric models, and consider some of the distinguishing features of the lightest 
Higgs boson in these models. In the SLRMs there are typically also other light Higgs 
particles. The light doubly charged Higgs boson, which we will consider in detail as well, 
should provide a clear signal in experiments. 
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The plan of the paper is as follows. In section 2, we review the various left-right supersym- 
metric models that we consider in this paper. In section 3, we obtain the tree level upper 
bound on the mass of the lightest CP-even Higgs boson for the various SLRMs considered 
in section 2. We use a general procedure to obtain this (tree- level) upper bound on the 
mass of the lightest CP-even Higgs boson in models with extended gauge groups, such 
as SLRMs. We show that the upper bound so obtained in the renormalizable models is 
independent of the supersymmetry breaking scale, as well as the left-right breaking scale. 
In the case of models containing non-renormalizable terms, although the upper bound de- 
pends on the left-right breaking scale, the dependence is extremely weak, being suppressed 
by powers of Planck mass. 

In section 4 we calculate the radiative corrections to the upper bound on the mass of the 
lightest Higgs boson, and show that the most important radiative corrections arising from 
quark-squark loops are of the same type as in the MSSM based on SU(2) L x U(l) Y - The 
radiatively corrected upper bound so obtained is numerically considerably larger than the 
corresponding bound in the MSSM, but for most of the parameter space is below 200 GeV. 
In section 5 we consider the branching ratios of the lightest neutral Higgs boson, and find 
that its couplings are similar to the corresponding Higgs couplings in the Standard Model 
in the decoupling limit. 

In section 6 we discuss the mass of the lightest doubly charged Higgs boson and the 
possibility of its detection at colliders. In section 7, we present our conclusions. The 
full scalar potential of the minimal supersymmetric left-right model is presented in the 
Appendix A. 



2 The Higgs sector of the left-right supersymmetric models 



In this section we briefly review the minimal supersymmetric left-right model, and then 
discuss models which have an extended Higgs sector, and finally discuss models with 
non-renormalizable interaction terms in the superpotential. 

The minimal SLRM is based on the gauge group SU(3) C x SU(2) L x SU(2) R x U(1) B -l- 
The matter fields of this model consist of the three families of quark and lepton chiral 
superfields with the following transformation properties under the gauge group: 
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where the numbers in the brackets denote the quantum numbers under SU (3)c x SU(2) l x 
SU {2) R xU{l) B—L- The Higgs sector consists of the bidoublet and triplet Higgs superfields: 
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There are two bidoublet superfields in order to implement the SU{2) L x U{l)y breaking, 
and to generate a nontrivial Kobayashi-Maskawa matrix. Furthermore, two SU {2) R Higgs 
triplet superfields A R and 5 R with opposite (B — L) are necessary to break the left-right 
symmetry spontaneously, and to cancel triangle gauge anomalies due to the fermionic 
superpartners. The gauge symmetry is supplemented by a discrete left-right symmetry 
under which the fields can be chosen to transform as 



Q <-> Q c , L <-> L c , $ <-> -r 2 $ T r 2 , x ~r 2 X T ^ A R <-> 5 L , 5 R <-> A L . (4) 

Thus, the SU(2) L triplets A L and 5^ are needed in order to make the Lagrangian fully 
symmetric under L <-> _R transformation, although these are not needed phenomenologi- 
cally for symmetry breaking, or the see-saw mechanism. 

The most general gauge invariant superpotential involving these superfields can be written 
as (generation indices suppressed) 



W min = h^ Q Q T ir 2 ^Q c + h xQ Q T ir 2 xQ c + h^ L L T ir 2 ^L c + h xL L T ir 2 xL c 

+h SL L T iT 2 5 L L + h AR L cT iT 2 A R L c + /i 1 Tr(ir 2 $ T ir 2 x) + /^Tr^^i^) 
+/i / 1 / Tr(ir 2 x T iT- 2 x) + Tr(/i 2L A L <5 L + /i 2R A R 5 R ). (5) 

The scalar potential can be calculated from 

V = V F + V D + V soft , (6) 



where Vp, Vd, and V so f t represent the contribution of F-terms, the D-terms, and the soft 
SUSY breaking terms, respectively. The full scalar potential can be found in Appendix 
A. The general form of the vacuum expectation values of the various scalar fields which 
preserve the U(l) em gauge invariance can be written as 



5 




, <A fl > 



, (L) 



v Ar 




(Sr) 




( 





k v Sr 



(7) 



We note that the triplet vacuum expectation values va r and vg R represent the scale of 
SU(2) R breaking and are, according to the lower bounds [31] on heavy W- and Z-boson 
masses, in the range v / \ R ,vs R <; 1 TeV. These represent a new scale, the right-handed 
breaking scale. We note that k[ and k' 2 contribute to the mixing of the charged gauge 
bosons and to the flavour changing neutral currents, and are usually assumed to vanish. 
Furthermore, since the electroweak p parameter is close to unity, p = 0.9998 ±0.0008 [31], 
the triplet vacuum expectation values v& L and vg L must be small. 



The Yukawa coupling h xL is proportional to the neutrino Dirac mass m D . The light 
neutrino mass in the see-saw mechanism is given by ~ m 2 D /mM, where mu = h/± R v/\ R is 
the Majorana mass. The magnitude of h x i is not accurately determined given the present 
upper limit on the light neutrino masses. On the other hand the Yukawa coupling h$, L is 
proportional to the electron mass and is, thus, small. 



In the minimal model described above, parity cannot be spontaneously broken at the 
renormalizable level without spontaneous breaking of i?-parity. This may be cured by 
adding more fields to the theory. In [24,32] it was suggested that a parity-odd singlet, 
coupled appropriately to triplet fields, be introduced so as to ensure proper symmetry 
breaking. This leads to a set of degenerate minima connected by a flat direction, all of 
them breaking parity. When soft SUSY breaking terms are switched on, the degeneracy 
is lifted, but the global minimum that results breaks C/(l) em . Because of the flat direction 
connecting the minima, there is no hope that the fields remain in the phenomenologically 
acceptable vacuum, which rolls down to global minimum after SUSY is softly broken. The 
only option that is left is to have a relatively low SU{2) R breaking scale, with sponta- 
neously broken i?-parity ((^ c ) = (Jr is non-zero). We note that present experiments allow 
for a low SU(2) R breaking scale. 



There is an alternative to the minimal left-right supersymmetric model which involves the 
addition of a couple of triplet fields, J1l(1,3, 1,0) and J1r(1, 1,3,0), instead of a singlet 
Higgs superfield, to the minimal model [28]. In these extended models the breaking of 
SU(2) R is achieved in two stages. In the first stage the gauge group SU(2) L x SU(2) R x 
U(l) b-l is broken to an intermediate symmetry group SU (2) L xU(l) R xU (1)b-l, and at 
the second stage U(1) R x U(l) b-l is broken to U(l)y at a lower scale. In this theory there 
is only one parity-breaking minimum, in contrast to the minimal model, which respects 
the electromagnetic gauge invariance. The superpotential for this class of models obtains 
additional terms involving the triplet fields Ql and Q R : 
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+TtQ l (oiL^^X 1 ^t 2 + a L %ir 2 ^ T ir 2 + oil xir 2 x T ^2) 
+Tr tt R (a R %r 2 ^ T %r 2 x + a R 'iT2$ T iT 2 $ + a R 'ir 2 x A r ir 2 x) , 



(8) 



where W m i n is the superpotential (5) of the minimal left-right model. In these models the 
see-saw mechanism takes its canonical form with m v ~ m D /MBL, where mo is the neu- 
trino Dirac mass. In this case the low-energy effective theory is the MSSM with unbroken 
i?-parity, and contains besides the usual MSSM states, a triplet of Higgs scalars much 
lighter than the B — L breaking scale. 

A second option is to add non-renormalizable terms to the Lagrangian of the minimal 
left-right supersymmetric model, while retaining the minimal Higgs content [21,33,34] 
The superpotential for this class of models can be written as 



It has been shown that the addition of non-renormalizable terms suppressed by a high scale 
such as Planck mass, M ~ M P i anck ~ 10 19 GeV, with the minimal field content ensures the 
correct pattern of symmetry breaking in the supersymmetric left-right model. In particular 
the scale of parity breakdown is predicted to be in the intermediate region M R ^ 10 10 — 
10 11 GeV, and -R-parity remains exact. This theory contains singly charged and doubly 
charged Higgs scalars with a mass of order M R /Mpi anc k, which may be experimentally 
accessible. However, what is different is the nature of see-saw mechanism. Whereas in 
the renormalizable version the see-saw mechanism takes its canonical form, in the non- 
renormalizable case it takes a form similar to what occurs in the non-supersymmetric 
left-right models, with the neutrino mass depending on the unknown parameters of the 
Higgs potential. This in general leads to different neutrino mass spectra, which can be 
experimentally distinguished. 




(9) 
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3 The tree-level upper bound on the lightest Higgs mass 



Given the fact that the Higgs sector of SLRM models contain a large number of Higgs 
multiplets, and the VEVs of some of the Higgs fields involve possibly large mass scales com- 
pared to the electroweak and SUSY breaking scales, it is important to ask what is the mass 
of the lightest Higgs boson in these models. The upper bound on the lightest Higgs boson 
mass in the minimal model was derived in [30] in the limit when k' x , k' 2 , o~l, va l ,v$ l — > 0, 
using the fact that for any Hermitean matrix the smallest eigenvalue must be smaller than 
that of its upper left corner 2x2 submatrix. In the basis in which the first two indices 
correspond to (Q^x®), we find for matrix elements m^, m 22 , m\ 2 (see Appendix A) 



2 2 n '2 - L /2, 2 \ 2 

m ll = - m * X — + o^L + 9r)Ki, 

2 2 ^1 / 2 2 \ 2 

m 22 = -m^ — + -{g L + g R )n 2 , 

K 2 L 

rnl 2 = m% x --{gl + g 2 R )K 1 K 2 . (10) 

It follows that the upper bound on the lightest Higgs boson mass in the minimal super- 
symmetric left-right model can be written as [30]: 

ml <^(g 2 L + g R ){K 2 x + k\) cos 2 2/3 = (l + ^ m 2 Wh cos 2 2/3, (11) 



where tan/3 = K 2 j K\. The upper bound (11) is not only independent of the supersymmetry 
breaking parameters (as in the case of supersymmetric models based on SU(2)l x U(1)y), 
but it is also independent of the SU (2)r breaking scale, which, a priori, can be large. The 
upper bound is controlled by the weak scale vacuum expectation value, k\ + k 2 , and the 
dimensionless gauge couplings {g^ and gn) only. Since the former is essentially fixed by 
the electroweak scale, the gauge couplings g^ and g^ determine the bound. 

We will see below that even when k' v k 2 , o~l, v \ l , v$ l are non-zero, the upper bound on 
the lightest Higgs mass at the tree level does not depend on either the right-handed 
breaking scale or the SUSY breaking scale. A general method to find an upper limit 
for the lightest Higgs mass in models based on SU(2)l x U(1)y and maximally quartic 
potentials was presented in [35]. We will apply this method to the case of SLRMs, with 
possible nonrenormalizable terms, in an appropriate manner. 

Consider a set of scalar fields $j transforming under SU(2)l, and define a discrete trans- 
formation P : $j — > (— l) 2Tj Qj of these fields, where 2Tj + 1 is the dimension of SU(2)l 
representationP]. By setting the P-even fields to their VEVs, a normalized field can be 

3 One could as well choose any other spontaneously broken U(l) [35], but P provides the best 
limit in the case of SLRM. 
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defined in the direction of SU(2)l breaking, = ^Hodd v i^i-> where Vq = J2i v h an d & U 
the fields orthogonal to <fi have zero VEVs. Since the original lagrangian is invariant un- 
der the transformation! P, the potential must be invariant under P, so that the potential 
contains only even powers of (/>, 



V{4>) = V(0) - l -m 2 <p 2 + + l -A<P« + .... (12) 

We take into account only the leading nonrenormalizable terms and thus 6 is the largest 
power in the potential V(4>). If (f> were the mass eigenstate, then by using the minimization 
condition the Higgs mass would be X^vl + AAvq. In the general case, this expression 
provides an upper bound on the mass of the lightest Higgs boson, 



m 2 h < X+vt + 4Av%. (13) 

Since only the SU(2) L doublet fields are relevant for obtaining this bound, adding extra 
singlets or triplets in the model has no effect on the bound. Thus, there are three separate 
cases to be considered for deriving an upper bound on the mass of the lightest Higgs boson 
in the models discussed in the last section, namely: (A) i?-parity is broken (sneutrinos get 
VEVs), (B) _R-parity is conserved because there are additional triplets, and (C) imparity 
is conserved because there are nonrenormalizable terms. 

Let us first consider the situation in the minimal model, case (A). We define a new neutral 
scalar field in the direction of the breaking in the SU{2) L doublet space: 

$° = - ( Kl R e $° + ^Re $° + n 2 Re x \ + n 2 Re X ° 2 + <x L Re z>) , (14) 



where 

v 2 = K \ + K f + k\ + k'z 2 + a\. (15) 

All the SU(2) L doublet fields which are orthogonal to $° have vanishing VEVs. We 
calculate next the quartic term (<3> ) 4 in the potential. It has contributions from both the 
F-terms and the D-terms, and we find that the upper bound on the mass of the lightest 
Higgs boson in the minimal SLRM is 



ml < 



1 

2^2 



9 2 M + °l? + + 9 2 B -L°t + 8( + h xL K 2 fa 2 L + %h\ a\\ , (16) 



where 



^k = K l~ K 2- K l + K 2 ■ ( 17 ) 
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As is evident, the upper bound (16) is independent of SUSY and right-handed breaking 
scales, and depends only on the dimensionless gauge and Yukawa couplings, and vacuum 
expectation values which are determined by the weak scale: 

™ 2 w L = \gl («? + 4 + < 2 + 4 + + 2< + 2 <) + ° (^r^) ■ ( 18 ) 

z V m w R J 

The triplet VEVs va l and v$ L must be small in order to maintain p ~ 1. In the limit 
when k[, k 2 , <Jl, va l , v$ l — > 0, the bound (16) reduces to the upper bound (11). 

It is obvious that the addition of extra triplets does not change this bound. Thus, the 
bound for the case (B), the SLRM with additional triplets to ensure that i?-parity is not 
spontaneously broken, can be obtained from (16) by taking the limit <jl — > 0. 

The total number of nonrenormalizable terms in case (C) is rather large. All the coefficients 
in nonrenormalizable terms are proportional to inverse powers of a large scale. Thus the 
largest contribution comes from those terms which have the smallest number of large 
scales and the largest number of potentially large VEVs from SU(2) R triplets. We recall 
that the terms of the form (<3> ) 4 and (<£> ) 6 in the potential are needed to determine 
the contributions to the mass bound. The nonrenormalizable terms have no effect on the 
contribution from .D-terms. The leading terms in the superpotential which can give a 
($ ) 4 and ($ ) 6 type F-term contribution are of the type 

W NR = ATr(ir 2 <Z> T iT 2X ) Tr(A R S R ) + BTr(iT 2 $ T tT 2X ) 2 , (19) 

i.e. one term with two and another with four bidoublet fields. Here A, B ~ l/M P i anck . 
With SU(2) L singlets fixed to their VEVs, the corresponding F-terms are 

V N r = O(ABv Ar v Sr )($ ) 4 + 0{B 2 ){^f. (20) 
The contribution to the Higgs mass bound from these nonrenormalizable terms is 

0(v 2 R /M 2 lanck )(^r + 0(1/M2 lanck )($y. (21) 

If the VEV v R ~ 10 10 GeV in these models, the contribution is numerically negligible. 
Therefore the upper bound for this class of models is essentially the same as in the case 
(B). 



4 Radiative corrections 

Since it is known that the radiative corrections to the lightest Higgs mass are significant 
in the MSSM, as well as its extensions based on the SU(2) L x U(1) Y , it is important 
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to consider the radiative corrections to the upper bound on the lightest Higgs boson 
mass obtained in the previous section. In this section we discuss the one-loop radiative 
corrections to the upper bound on the lightest Higgs mass in the minimal supersymmetric 
left-right model, which was obtained in last section. We shall use the method of one-loop 
effective potential [36] for the calculation of radiative corrections, where the effective 
potential may be expressed as the sum of the tree-level potential plus a correction coming 
from the sum of one-loop diagrams with external lines having zero momenta, 

V 1 - loop = V tree + AV 1 , (22) 



where V tree is the tree level potential (6) evaluated at the appropriate running scale Q, 
and AVi is the one loop correction given by 

av.-j^B-W. + xK^^-I). (23) 



where rrii is the field dependent mass eigenvalue of the ith particle of spin Jj. The dominant 
contribution to (23) comes from top-stop it — t) system. However, under certain conditions 
the contribution of bottom-sbottom (b — b) can be nonneglible. We shall include both these 
contributions in our calculations of the radiative corrections. 

In order to evaluate the contributions of top-stop and bottom-sbottom to (23), we need 
the stop and sbottom mass matrices for the SLRM. From (A.l), (A. 2) and (A. 3), it is 
straightforward to calculate squark mass matrices [27]. Ignoring the interfamily mixing, 
the part of the potential containing the stop and sbottom mass terms can be written as 



V squark = (u* L U^j Mu{ UL \ + (d* l D* r ^ M D 



>D L 



D 



(24) 



R 



where the mass matrix elements for the stop are 



{Mu)u* L u L =m 2 Q + m 2 u + ^g 2 L u 2 K - -g 2 B _ L uj R , 

(Mu)u* rUl = KqA^qk^ + h xQ A xQ K 2 - filing k' 2 + h xQ K X ) - 2h <t>Q n' l K l - 2h xQ n'[K' 2 
+ {h ( j )L h ( j ) Q + h X Lh xQ )a L a R 

~ "1 * 

{M u ) u * Ur , 



{M u ) u * rUr = m 2 Qc + m 2 u + ^g 2 R (ul - 2u 2 R ) + ^g 2 B ^ L u 2 R , 



(25) 



while for the sbottom these are 
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{M d ) DIDl = m 2 Q + m 2 d - ^g 2 L uJ 2 K - ^g 2 B ^ L uJ 2 R , 



(M d ) d * rDl = -Ii^qA^qKi - h xQ A xQ K 2 + i2 1 (h < f > QK 2 + h xQ K[) + 2h < p Q fi' 1 K 1 + 2h xQ ^[K 2 

~ "I * 

= (M D ) D *p R , 

i i 

(26) 



(M D ) 



d*d r 



m V + m d- - + ^g 2 B _ L uj 2 R , 



where top and sbottom squared masses are given by {h X QK2) 2 and (^$q«i) 2 , respectively, 
uiq, rriqci A^q and A x q are soft supersymmetry breaking parameters (see eq. (A.3)), and 



CO 



2 2 1 2 2_2,/2 2 / 2 

R — V A R ~ V 5 R ~ q "/?) U k — K l + K 2 ~ K 2 ~~ K l ■ 



(27) 



In order that SU (3)c x £/(l) em is unbroken, none of the physical squared masses of squarks 
can be negative. Necessarily then all the diagonal elements of the squark mass matrices 
should be non-negative. Combining the diagonal elements of the stop and sbottom mass 
matrices leads to the inequality 



1 



1 



m Q + m QC > \-g R uj R \ = -g R \v AR 



J s R 



1 

-a 
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where we have ignored terms which are of the order of the weak scale or less. 

The eigenvalues m| 2 , m~ of the stop and sbottom mass squared matrices are given by 
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Using eqs. (29), (30) and (31) in (23), we have calculated the radiatively-corrected ex- 
pressions for the matrix elements of the upper left corner 2x2 submatrix of the 10 x 10 
CP-even Higgs mass matrix. After imposing the appropriate one-loop minimization con- 
ditions, we find the following form for the radiatively corrected upper left corner 2x2 
submatrix of CP-even Higgs mass matrix: 
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We have neglected D-terms in the squark masses, because these are small, and, since we 
are including only the quark-squark contributions to AVi, in order to gain approximate 
independence of the renormalization scale Q (see also the inequality (28)). 

Using eqs. (33) and (34), we obtain the one- loop radiatively corrected upper bound on 
the lightest Higgs boson mass in the SLRM: 
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For tan/3 20, one can neglect the b-quark contribution in the radiative corrections. 
Then, in the approximation [37,38] 
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the upper bound (40) on the lightest Higgs mass reduces to 
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Fig. 1. The upper bound on the radiatively corrected mass of the lightest neutral Higgs boson 
for two different values of tan (3. The right-handed scale M# is indicated in the Figure. The bi- 
and trilinear soft super symmetry breaking parameters are 1 TeV (solid line) and 10 TeV (dashed 
line). Supersymmetric Higgs mixing parameters are assumed to vanish, and mt op = 175 GeV. 

where A t = A t — /j,i cot /3, and M s is the supersymmetry breaking scale (2M| = +m~ 2 ). 
In this limit the upper bound eq. (42) on the lightest Higgs mass in the supersymmetric 
left-right model differs in form from the corresponding MSSM upper bound only because 
of fj," being nonzero. The upper bound is maximised by 

\A t \ = (VQ)M S (43) 

for a given value of fx". 

The radiatively corrected upper bound (40) on the mass of the lightest Higgs boson is 
plotted in Fig.l as a function of the large scale A up to which the supersymmetric left-right 
model remains perturbative. The upper bound comes from the requirement that all the 
gauge couplings of the SLRM remain perturbative below the scale A. We have taken into 
account the dominant radiative corrections coming from the quark and squark loops in our 
calculations. In Fig.l we have taken two values of tan/5 = 2 and tan/3 = 20. In the figure 
the upper bound is shown for two different values of the SU (2)r breaking scale, Mr = 10 
TeV and Mr = 10 10 GeV, respectively, and for two values of soft supersymmetry breaking 
mass parameter, M s = 1 TeV and M s = 10 TeV. It is seen from this figure that if the 
difference between the SU(2) R breaking scale and the large scale A is more than two orders 
of magnitude, the radiatively corrected upper bound on the mass of the lightest Higgs 
boson remains below 250 GeV. For large values of A the upper bound is below 200 GeV. 
The upper bound increases with increasing Mr and with increasing soft supersymmetry 
breaking parameters. It is considerably larger than the corresponding upper bound in the 
MSSM. 
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Fig. 2. The branching ratio of the lightest neutral CP even Higgs boson h to fermion pairs in 
SLRM (solid curves) as a function of the second lightest Higgs H mass. The tree level mass of 
the lightest Higgs is ~78 GeV and tan/3 = 50. The dotted curves correspond to MSSM. 

5 Couplings of the lightest neutral Higgs to fermions and the decoupling 
limit 

In order to study the phenomenology of the lightest Higgs boson in the SLRM, we must 
obtain its couplings to the fermions and see how these differ from the corresponding MSSM 
couplings. The major difference between the two models arises due to the triplet Higgs 
couplings to leptons. As discussed earlier, the lightest neutral Higgs is composed mainly of 
the bidoublet fields, and we do not expect the triplet couplings to have a large effect on the 
lightest neutral Higgs branching ratios. Another difference in the Higgs couplings in the 
SLRM and the MSSM arises because of the mixing between the Higgs(ino) and lepton 
sectors in models where i?-parity is spontaneously broken. Since the lightest chargino 
contains gaugino and higgsino admixture, one might expect that in some region of the 
parameter space the couplings are significantly different from the couplings in the MSSM. 
We will take the lightest chargino to correspond to the r-lepton. It will be denoted by 
r in the following. Thus, it is important to study in detail the couplings of the lightest 
Higgs boson to the r. 

In Figure 2 we have plotted the branching ratio of the lightest neutral Higgs boson to 
bb, cc, and t + t~ pair both in the MSSM and in the SLRM for large tan (3 and a tree- 
level mass m h ~ 78 GeV as a function of the second lightest neutral Higgs boson mass. 
We note that for the second lightest neutral Higgs with mass ~ 160 GeV, the branching 
ratio to bottom pair almost vanishes while the branching ratio to a r pair is enhanced. 
This behaviour occurs in a transition region where the composition of the light Higgs 
bosons change rapidly, and the lightest Higgs coupling to bb becomes negligible. Similar 
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phenomenon occurs for small tan (5. 



It is well known that in the left-right symmetric models problems with FCNC are expected 
if several light Higgs bosons exist [39]. In the supersymmetric case, the problem could be 
expected to be more severe, since the potential is more constrained. Furthermore, in the 
four Higgs-doublet model [40], which is also the number of doublets in the supersymmetric 
left-right model, it was found that the potential is always real, thus preventing spontaneous 
violation of CP. Strong limits on the FCNC Higgs were obtained in [41] assuming that 
the only source for CP violation is the complex phase in the Kobayashi-Maskawa matrix 
and that the model is manifestly left-right symmetric. If these conditions are relaxed, for 
example by defining the symmetry transformation by Eq. (4), a weakened lower limit for 
second lightest neutral Higgs is obtained from the neutral meson mass difference^]]. The 
limit is less severe for large values of tan/?, but remains of the same order than in the 
nonsupersymmetric left-right model. Taking into account the uncertainties in calculating 
the mass difference, rriH FCNC ^ 0(1 TeV). Thus the relevant limit to discuss is the one in 
which all the neutral Higgs bosons, except the lightest one, are heavy. 

In order to consider in detail the neutral Higgs couplings to the r-leptons, we'll need 
the interaction Lagrangian. We have seen that at the tree level the lightest Higgs can be 
written as 



h = -Y, 1 + l^t + — Vfc, (44) 




where <pk are the scalar bidoublet fields and ipk are all the other fields. In the decoupling 
limit m# 2 3> m^, the relevant Higgs-fermion interaction Lagrangian can be written as 

L = -~ipt v kyijkipj~h + h.c, (45) 

where = (-i\£, -i\ R , fe, X2, t) t and ip +T = (-iA£, -iX%, <f>t, Xi, rC ) T - The 
mass eigenstates x ± are found by diagonalizing the mass matrices by unitary matrices 
U,V[2], 

X + = V>+, x~ = Uil>-. (46) 
The diagonal chargino mass matrix is 

Ml± = VX ] XV ] = U*XX ] U T . (47) 

We decompose^ the mass matrix X and the diagonalizing matrices V and U as 

4 When R-parity is broken, the ground state can violate CP via the soft breaking terms involving 
sneutrinos [42]. 

5 For a more general treatment, see [43]. 
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X = X + eX u V=(l + eY)V , U = (1 + eZ)U , 



(48) 



where the contribution of the terms proportional to e in determining the r lepton eigen- 
state is small. One can solve for the matrix elements to the order 0(e 2 ), 



Y S k- 



0, j = fc, 

[v (xlx 1 +x 1 x )v^] jk , , ' 
0, j = fc, 

(M ^„.-(M ^) fefc > 



(49) 
(50) 



where we have denoted Mq = UqXqXqUq . 



In terms of the mass eigenstates, the interaction Lagrangian can be written as 



hnt = ~-(x T U*)iV k y ijk (V i x + ) j h + h.c. 



(51) 



Here we denote C = \U*v k yij}y^ , where C is the coupling matrix for charginos. Thus the 
diagonal couplings to r are given by 



Cii ~ ~ H ^oij^fe^oifc- ( 52 ) 
The chargino mass matrix can be written as X = X + eX±, where 
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and 
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0. The 



We have here assumed for simplicity that n\ = = 0, and = v$ L = v& L 
matrix X has one zero eigenvalue corresponding to the r mass, (M )i 1 =0. The r mass is 



TO. 



= (y*xv*) n 

= (ZlUSXoVj + U^XoVfo + u*x 1 vj) 11 . 



(55) 



For the SM one has vCu = (UqXiVq)u = m T . Thus, in the decoupling limit, we obtain 
the following result for the ratio of the Yukawa couplings i/sm and Uslrm'- 

VSLRM 1 , (Z*M - MqYJu 



vsm 



= l + 



= 1, 



(56) 



ii 



since the matrix Mq is diagonal. Even if the r's contained large fraction of gauginos or 
higgsinos, the couplings responsible for Higgs decays to the charged leptons or quarks are 
the same as in the Standard Model, since the physically relevant parameter region is close 
to the decoupling limit. 

Contrary to the MSSM, one might have the lightest Higgs decaying to a r-lepton and a 
heavier chargino. Whether this decay mode is kinematically possible is much more model 
dependent than the decay to leptons, and we cannot say anything general about it. 



6 The lightest doubly charged Higgs boson 



We have seen that the neutral Higgs sector contains one relatively light Higgs boson, 
which however may be heavier as compared to the lightest Higgs in the MSSM, and 
which has MSSM like couplings to the fermions of the model. Thus, one cannot tell from 
the properties of the lightest Higgs boson, about the nature of the model. If a light Higgs 
is found before any supersymmetric particles are observed, one would not even know 
whether it is the Higgs boson of a supersymmetric model. 

Altogether there are four doubly charged Higgs bosons in the SLRM, of which two are 
right-handed and two left-handed. The mass matrices of the left-handed triplets depend 
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Fig. 3. The mass m ++ of the lightest doubly charged Higgs boson as a function of the soft trilinear 
coupling A a for different values of the right-handed sneutrino VEVs <jr. We have varied <jr in 
its allowed range of 100 GeV to 8.45 TeV as indicated in the figure. 

on the soft SUSY breaking parameters, left-triplet VEVs, and the weak scale. Thus, their 
masses are expected to be of the same order as the soft terms. 

The mass matrix for the right-handed scalars depends on the right-triplet VEV instead of 
the left-triplet VEV. Nevertheless, it was noticed in [26] that in the SLRM with broken Im- 
parity the lightest doubly charged scalar tends to be light. Also, it was shown in [44] that 
in the nonrenormalizable case it is possible to have light doubly charged Higgs bosons. On 
the other hand, in the nonsupersymmetric left-right model all the doubly charged scalars 
tend to have a mass of the order of the right-handed scale [45]. This is also true in the 
SLRM with enlarged particle content [33]. Thus a light doubly charged Higgs would be a 
strong indication of a supersymmetric left-right model with minimal particle content. 

In the case of broken R-parity, the mass matrix of the right-handed doubly charged 
scalars can be obtained from the potential in appendix A. The allowed parameter space 
is strongly constrained by demanding that all the eigenvalues of the mass squared scalar 
matrices remain positive. In order to find the relevant parameter region, we have studied 
the bounds on some of the masses in the model. Although these may not be important as 
actual bounds, they restrict the parameter space. In the following we shall assume that 
tan/3 > I. From the bound obtained from submatrix ($2 r ,X? r )? we nn d the following 
constraint 



where D = 2v \ — 2i>f — a 2 R + k\ — k\ . If the terms with bidoublet lepton Yukawa couplings 




(57) 
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are ignored, and tan/5 > 1, Eq. (57) indicates that D < and thus 2i>J fl + a R > 2v 2 R . 
Other useful constraints follow from (A]j~,<5^ + ) and (A R ,5 R l ) mass matrices, 

(A a v Ar - 4:h 2 AR v 2 AR + h AR V2rVs R )cr 2 R + 9 2 rD(v 2 5r -v 2 Ar )>0, 

A a v Ar + h AR fi 2r vs R > 0. (58) 

We have studied in Figure 3 an example with the soft masses and right-handed breaking 
scale, as well as the fi2R parameter, of the order of 10 TeV. The maximum Majorana 
Yukawa coupling allowed by positivity of the mass eigenvalues in this case is h A ~ 0.4. 
For h A = 0.4 we have plotted the allowed doubly charged Higgs mass m ++ as a function 
of A A for fixed a R = 100 GeV, . . . , 8.45 TeV. It is seen that relatively narrow bands of 
A A and a R are allowed. Even in the maximal case the mass of the doubly charged scalar 
m ++ ~ 1 TeV and from the figure we see that the lightest of the doubly charged scalars 
can be as light or even lighter than the lightest neutral Higgs boson. The mass of the 
dangerous flavour changing Higgs boson is ~ -^g R \^D. 

The mass of the lightest doubly charged Higgs, m H ++, in the case of nonrenormalizable 
couplings has been considered in [44,46,33]. A general statement in these works is that the 
mass is m H ++ ~ v R /M, where M is the scale of the nonrenormalizable terms. Relevant 
constraints on the parameters follow again from the positivity of the mass bounds. From 
the submatrix (A^, 5 R ), a bound on m H + can be obtained and we get 

0<^M a -«iJ(^-«?). (59) 

This gives a condition v$ r /v Ar > 1. From the bound on from (02>Xi) submatrix, we 
find 

< \[-9l{4 ~ 4) ~ 9 2 r(2v 2 Ar - 2*4 -4 + k\)] (60) 

Thus the Z)-term, D = 2v Ar — 2v 2 R + k 2 , — k\ has to be negative. From the mass bound 
on the doubly charged Higgses, we get 

< m 2 H ++ 

< [-9r(v 2 a r ~ v 2 5r )D]/(v 2 Ar + v 2 5r ) + — 8b R v AR v SR H2R + ^4^(2^ + b R )v 2 AR vj R . 

(61) 

We see that the 6^-parameter must necessarily be nonvanishing. 

In Fig. 4 we have plotted the mass of the lightest doubly charged Higgs boson as a 
function of the nonrenormalizable 6 R -parameter for two values of the ratios, v 2 R /M = 
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Fig. 4. Mass of the doubly charged Higgs as a function of the nonrenormalizable ftfj-parameter. 
In a) v\jM = 10 4 GeV and D = m 2 soft , while in b) v\jM = 10 2 GeV and D = (3 TeV) 2 
(solid line), except for m so ft = 10 TeV also D = (10 TeV 2 is shown (dashed line). The soft 
supersymmetry breaking parameters are marked in the figure, as well as the b R parameters. The 
curves are brought closer to each other for convenience. In both figures tan (3 = 50, M = 10 10 
GeV, H2R = 1 TeV and m = fi[ = /// = 500 GeV. In a) M R = 10 7 GeV and in b) M R = 10 6 
GeV. 

10 2 GeV and v R /M = 10 4 GeV. One should note that at low energies b R is the only 
nonrenormalizable parameter, which is necessarily nonvanishing. In particular one can 
find solutions with a R = 0. In Appendix B we give examples of mass spectra using the 
tree level potential for the renormalizable and nonrenormalizable models. One can expect 
that radiative corrections will change the spectrum somewhat, but qualitative features 
should remain unchanged. The value of b R needed to produce a proper minimum depends 
on the other parameters in the model. In Fig. 4 a) v R /M = 10 4 GeV and y/~D is the same 
as the soft supersymmetry breaking parameters. The mass of the flavour changing Higgs 
is roughly proportional to the value of \/D. For larger values of the D-term, larger b R s 
are needed to retain positive doubly charged Higgs mass, as seen from Eq. (61). It is seen 
that the mass of the doubly charged Higgs rises rapidly with b R to multi-TeV region as 
is expected for large v 2 R /M. In Fig.4 b) v\jM = 10 2 GeV, and \/T) = 3 TeV (solid lines) 
for all the values of the soft supersymmetry breaking parameters that are plotted. This 
shows the dependence on the soft mass parameters. For the soft mass parameter of 10 TeV 
we have plotted for comparison also the dependence on b R when \f~D = 10 TeV (dashed 
line). It is seen that increasing the soft parameter, while the D-term remains constant, 
smaller b R s are needed to produce positive masses. In Fig. (4) we have taken tan (3 to be 
50. Large tan/5 somewhat increases the masses of the neutral and pseudoscalar Higgses 
and decreases the mass of the lightest doubly charged Higgs. With both values of v R /M 
it is possible to obtain a doubly charged Higgs, which is light enough to be detected in 
future experiments, but m H ++ increases with b R much faster for large v R /M. 
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The collider phenomenology of the doubly charged scalars has been actively studied, 
since they appear in several extensions of the Standard Model, can be relatively light 
and have clear signatures. Here we will discuss the production of the doubly charged 
scalar in colliders [47,48]. If the light doubly charged Higgs H ++ is lighter than any of the 
super symmetric partners, the dominant decay mode of H ++ is to like sign leptons. 

Kinematically, production of a single doubly charged scalar would be favoured. If the 
couplings between electrons and triplet Higgses are large enough, the doubly charged 
particles can be detected in e + e~ linear colliders in single production almost up to the 
kinematical limit. The colliders are especially useful in studying the doubly charged 
Higgs, since for nonzero triplet couplings it can be produced as an s-channel resonance. 
The possibilities for single production in hadron colliders in WW fusion does not depend 
on the coupling to leptons, but it does depend, in addition to m H — , on the VEV of 
the triplet to which the doubly charged scalar belongs. If m Wn ~ 1 TeV, one can detect 
doubly charged Higgs bosons with m H ++ ~ 1 TeV at the LHC [48] . 

The advantage of pair production of the doubly charged scalars compared to the single 
production is that it is relatively model independent. It can occur even if Wr is very 
heavy, as in the nonrenormalizable case, or the triplet Yukawa couplings are very small. 
The doubly charged Higgses can be produced in // — > 7*, Z* — > H ++ H both at lepton 
and hadron colliders, if kinematically allowed. At LHC this cross section falls off rapidly 
close to mu++ ~ 500 GeV [48]. The pair production cross section at Tevatron and at 
LEP II are given in [46]. For e + e~ linear colliders the pair production cross section for 
yfe = 500 GeV is 106 (78) fb for m H++ £ 230 (240) GeV. Thus the detection of doubly 
charged scalars in pair production is possible close to the kinematical limit. 



7 Conclusions 

Supersymmetric left-right models are well motivated extensions of the MSSM, since they 
conserve i?-parity as a consequence of gauge invariance. We have made a detailed study of 
the Higgs sector in these models. The lightest CP even Higgs boson can be considerably 
heavier than in the MSSM, but its couplings to fermions remain similar to the couplings 
of the Standard Model Higgs boson. If a Higgs, which nevertheless is too heavy to be 
the Higgs boson of the MSSM, is detected, one should consider extended supersymmetric 
models such as the ones studied in this paper. 

In the SLRM with the minimal particle content one has typically also a light doubly 
charged Higgs boson. If this particle is found, it is a strong indication of the SLRM with 
minimal particle content. 

We wish to emphasize the importance of studying the full mass matrices, including the 
soft mass parameters in determining the low energy mass spectrum, especially the masses 
of the light scalar particles. 
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A Appendix: Scalar potential of the minimal SLRM 



The different components of the scalar potential (6) for the minimal left-right supersym- 
metric model can be written as follows (g^, g R and g R -L are the three gauge couplings): 



V F = \h$ L iT 2 $L c + h xL ir 2 xL c + 2h &L L T ir 2 5 L \ 2 

+ \h$ L L T iT 2 $ + h xL L T ir 2 x + 2h AR L cT ir 2 A R \ 2 

+ \h AR L c L cT (iT 2 ) + fi 2R 5 R \ 2 + \h 5L LL T (iT 2 ) + /i 2L A L | 2 

+ \h„ Q Q c Q T {iT 2 ) + h$iL c L T (ir 2 ) + ^{it 2 ) X 7 \ir 2 ) + 2^{ir 2 )^ T {it 2 )\ 2 

+ \h xQ Q c Q T (ir 2 ) + h xL L c L T {ir 2 ) + in(iT 2 )$ T (iT 2 ) + 2fi';(tT 2 ) X T (tr 2 )\ 2 

+\(iT 2 )(h* Q $ + h xQX )Q c \ 2 + \Q T (ir 2 )(h^ + h xQX )\ 2 

+ |/i 2i? A i? | 2 + \fi 2L 5 L \ 2 , (A.l) 



Vd = \g\ E [Tr($V a $) + Tr( X V aX ) + 2Tr(A L r a A L ) + 2Tr(5 L r a 5 L ) 



+2Tr(A R r a A R ) + 2Tr(4r a <5 R ) + L c t Ta L c + Q c tr a Q c 
+ l -g 2 B _ L [2Tr(-A R A R + 5 R 5 R - A[A L + 5 L <5 L ) 

-tfL + L ct L c + \($Q - l -Q c ^Q 1 



n 2 



(A.2) 



Vsoft = m|Tr|$| 2 + m 2 Tr| X | 2 - (m| x Tr(ir 2 $ T ir 2 x) + m| $ Tr(ir 2 $ T ir 2 $) 

+m 2 x Tr(ir 2 x T ir 2 x) + h.c.) + tt4 R | A R | 2 + m 2 J<5 R | 2 - (m^TrA R 5 R + h.c.) 
+m 2 AL \A L \ 2 + m 2 L \5 L \ 2 - (m A / 2 TrA L 5 L + h.c.) + m 2 c |L c | 2 + m 2 |L| 2 
+ {L T tr 2 {A^ + A xX )L c + A AR L cT ir 2 A R L c + A 5l L t it 2 5 l L + h.c.) 
+m 2 Q \Q\ 2 + m 2 Qc \Q c \ 2 + (Q T iT 2 (h^ Q A^ + h xQ A xQX )Q c + h.c). (A.3) 
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From (6), (A.l), (A. 2) and (A. 3) it is straightforward to derive the mass matrix for the 
CP-even Higgs scalars, whose eigenvalues will provide the masses of the physical scalar 
Higgs bosons. 



B Appendix: Examples of mass spectra 

Here we give one example each of the mass spectrum of Higgs bosons in renormalizable 
and nonrenormalizable suoersymmetric left-right models. In table B.l we have shown the 
spectrum in the renormalizable model, and in table B.2 the spectrum for the nonrenor- 
malizable model with minimal particle content. In both examples the soft supersymmetry 
breaking parameters are ~ 10 TeV. In table B.l, the right handed scale is 10 TeV, and 
in table B.2 v\/M = 100 GeV. We have denoted h = if? and H = H$. 
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particle 


mass (TeV) 


composition 


M 10 


zz. 1 


-U.dis R + 0.7A R - U.bd R 


itO 
H 9 


20.2 


0.98i^ — 0.2</>2 


H 8 


12.7 




H 7 


11. y 


n or,'' n OQ^Or i n i-.,0r 


f/0 
H 6 


1 oq 


U.1A L - L 


uo 

H 5 


n 7n 


-A L - 0.1() L 


no 


p. an 

O.OU 


n 1 n qaO _l n 7A0 
— U.oz^/j + U.oAjj + U. / o^> 


uO 
H 3 


0.00 


-0.102 - Xl 


ffO 
H 2 


1 

i.yo 


U. 1 ISr -f- U.DZA^ -+- U.40^> 




u.uyo 


■.✓Or 


A 


00 
zz.o 


n nr,i n cc A Oi n oxOz 
— 0.9^ — U.&Ajj — O.ZOjj 


A 

A 7 


on 
zU.z 


n nor,* i n o^aOz 
U.yo^ + U.z<p 2 




1 O *7 

12.7 


01 


A 5 


1 O A 

lz.4 


n £ n £ A 0^ n ^7X0^ 

O.oi^ — 0.5A^ — 0.7o R 


A 


11. y 


n or,' n no j.0i n 1 -./Oi 

U.2i/ L - O.y80 2 - U.i-Xi 


A 

^3 


1 n 
10.3 


n i A Oi xOi 
— O.IA^; — 


A 

M 


n 7n 

y. to 


AOi n i x02 
— Za^ — 0.10^ 


A 

A\ 


0.00 


U-l</»2 _ Xl 


u+ 

H 8 


on 
zU.z 


u.yoe^ + u.z^ 


H 7 


19.0 


— 0.4ei? + 0.7AJj — O.oo^ 


H 6 


12.7 


02 


TT+ 

H 5 


11. y 


n os _i_ n nsA+ 


U+ 


1 n q 


n 1 A + x+ 


u+ 
H 3 


y.70 




TJ+ 
H 2 


y.42 


— O.oei? — O.IA^ + O.ooJ 


TT+ 
H l 


3.53 


-0.10^ + xt 




1/17 
14. / 


n a A H — I - n ka - ! — 1" 




10.3 


0.1A++ - 5+ + 




9.70 


-A++ - 0.15++ 




0.169 


-0.6A++ - 0.8<^+ 



Table B.l 

Mass spectrum of a renormalizable model with minimum particle content. 
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particle 


mass (TeV) 


composition 


zjO 


157U 


0.7(5^ - A R ) 


uO 

H 7 


5o.8 


U.l(p^ + U.O02 — U.9^2 


TjO 




U.y0 2 - U.i-Xi +U.^%2 


F7"0 


11V 

ii. / 


A Or 
A L 


no 


O O/t 

y.z4 


n 1 w^Or , .Or 


H 3 


c n 
o.U 


rOr 
d L 


uo 

H 2 


n oc/i 
U.2o4 


-0.7(d fl + A R ) 




U.Uyl 


w^Or i n 1 -./Or 


AO 


r o o 

53.8 


n 1 j.Oi i n J.Oi inn Oi 

+ 0.302 + 0.9x2 


A 5 




-U.902 - U.lXi + 0.c>X2 


AO 
A 4 


1/11 

14.1 


-0.7(dg + Ag) 


4° 


1 1 7 
11.1 


L 


A 2 


y.z4 


U-1^2 ~ Xl 


AO 


O.U 


xOi 


U+ 
H 6 


yzy 


n r 7i'x+ A +*\ 


TT+ 


r o o 

oo.o 


-O.lxi - U.3x 2 - 0.902 


17+ 


r o n 

52.9 


n n ~h n 1 J.~h i n J.H - 

-0.9xJ - 0.1^ + U.30J 


H 3 


11.7 


A + 


TT + 

H 2 


9.24 


-0.1x2 + <t>t 


u+ 


o.U 


x+ 
L 


H++ 


ly.o 


n oe,^ — l~ _i_ n oa++ 

— u.yoo^j + u.zza^ 


Ht + 


11.7 






8.U 


^ + 


H++ 


U.202 


-0.25++ - 0.98A++ 



Table B.2 

Mass spectrum of a nonrenormalizable model with minimum particle content. 
References 

[1] J.F. Gunion et al., The Higgs Hunter's Guide, Addison- Wesley (1990) . 

[2] For reviews of supersymmetry see H.E. Haber and G.L. Kane, Phys. Rept. 117 (1985) 
75; H.P. Miles, Phys. Rept. 110 (1984) 1; P. Nath, R. Arnowitt and A.H. Chamseddine, 
"Applied N=l supergravity" , World Scientific, Singapore (1984) . 



27 



[3] K. Inoue et al., Prog. Theor. Phys. 67 (1982) 1889; R.A. Flores and M. Sher, Ann. Phys. 
148 (1983) 95. 

[4] Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85 (1991) 1; J. Ellis, G. 
Ridolfi and F. Zwirner, Phys. Lett. B257 (1991) 83; H.E. Haber and R. Hempfling, Phys. 
Rev. Lett. 66 (1991) 1815; R. Barbieri, M. Frigeni and F. Caravaglios, Phys. Lett. B258 
(1991) 167. 

[5] J. Rosiek and A. Sopczak, Phys. Lett. B341 (1995) 419. 

[6] R. Hempfling and A Hoang, Phys. Lett. B 331 (1994) 99; M. Carena, J. Espinosa, M. Quiros, 
C. Wagner, Phys. Lett. B 355 (1995) 209; H. Haber, R. Hempfling and A. Hoang, Z. Phys. 
C 75 (1997) 539; S. Heinemeyer, W. Hollik and G. Weiglein, Phys. Rev. D 58 (1998) 091701; 
[hep-ph/9812472 . 

[7] J. Ellis, J.F. Gunion, H.E. Haber, L. Roszkowski and F. Zwirner, Phys. Rev. D39 (1989) 
844; M. Drees, Int. J. Mod. Phys. A4 (1989) 3635. 

[8] P. Binetruy and C.A. Savoy, Phys. Lett. B277 (1992) 453; T. Moroi and Y. Okada, Phys. 
Lett. B295 (1992) 73. 

[9] P.N. Pandita, Phys. Lett. B318 (1993) 338; Z. Phys. C59 (1993) 575. 

[10] T. Elliott, S.F. King and P.L. White, Phys. Lett. B305 (1993) 71; Phys. Rev. D49 (1994) 
4435. 

[11] U. Ellwanger, Phys. Lett. B303 (1993) 271. 

[12] G.L. Kane, C. Kolda and J.D. Wells, Phys. Rev. Lett. 70 (1993) 2686; J.R. Espinosa and 
M. Quiros, Phys. Lett. B302 (1993) 51. 

[13] J.R. Espinosa and M. Quiros, Phys. Rev. Lett. 81 (1998) 516. 

[14] S. Weinberg, Phys. Rev. D26 (1982) 287; N. Sakai and T. Yanagida, Nucl. Phys. B197 
(1982) 133. 

[15] F. Zwirner, Phys. Lett. 132B (1983) 103; L.J. Hall and M. Suzuki, Nucl. Phys. B231 (1984) 
419; I.H. Lee, Nucl. Phys. B246 (1984) 120; S. Dawson, Nucl. Phys. B261 (1985) 297; R. 
Barbieri and A. Masiero, Nucl. Phys. B267 (1986) 679; S. Dimopoulos and L.J. Hall, Phys. 
Lett. 207B (1988) 210; V. Barger, G.F. Giudice and T. Han, Phys. Rev. D40 (1989) 2987; 
H. Dreiner and G.G. Ross, Nucl. Phys. B365 (1991) 597. 

[16] AY. Smirnov and F. Vissani, Nucl. Phys. B460 (1996) 37; F. Vissani, ICTPreport Np 
IC / 96 /32, ' hep-ph /9602395 and references therein. 

[17] B.A. Campbell, S. Davidson, J. Ellis, K. Olive, Phys. Lett. B256 (1991) 457; W. Fischler, 
G. Giudice, R.G. Leigh and S. Paban, Phys. Lett. B258 (1991) 45. 

[18] G.R. Farrar and P. Fayet, Phys. Lett. 76B (1978) 575. 

[19] S.B. Giddings and A. Strominger, Nucl. Phys. B307 (1988) 854; S. Coleman, Nucl. Phys. 
B310 (1988) 643; J. Preskill and L.M. Krauss, Nucl. Phys. B341 (1990) 50; R. Holman 
et al, Phys. Lett. B282 (1992) 132; M. Kamionkowski and J. March-Russell, Phys. Lett. 
B282 (1992) 137. 



28 



[20] R.N. Mohapatra, Phys. Rev. D34 (1986) 3457; A. Font, L.E. Ibanez and F. Quevedo, Phys. 
Lett. B228 (1989) 79. 



[21 
[22 
[23 

[24 
[25 

[26 

[27; 

[28 
[29 



[30 
[31 
[32 
[33 
[34 
[35 
[36 
[37; 
[38 

[39 
[40 
[41 

[42' 
[43' 
[44 



S.P. Martin, Phys. Rev. D46 (1992) 2769; Phys. Rev. D54 (1996) 2340. 
M. Cvetic and J.C. Pati, Phys. Lett. 135B (1984) 57. 

R.M. Francis, M. Frank and C.S. Kalman, Phys. Rev. D43 (1991) 2369; M. Frank, 
C.S. Kalman and H.N. Saif, Z. Phys. C59 (1993) 655. 

R. Kuchimanchi and R.N. Mohapatra, Phys. Rev. D48 (1993) 4352. 

K. Huitu, J. Maalampi and M. Raidal, Nucl. Phys. B420 (1994) 449; Phys. Lett. B328 
(1994) 60. 

K. Huitu and J. Maalampi, Phys. Lett. B344 (1995) 217. 

K. Huitu, P.N. Pandita and K. Puolamaki, Phys. Lett. B415 (1997) 156. 

C.S. Aulakh, K. Benakli and G. Senjanovic, Phys. Rev. Lett. 79 (1997) 2188. 

M. Gell-Mann, P. Ramond and R. Slansky, in "Supergravity" , eds. P. van Niewenhuizen 
and D.Z. Freedman (North Holland, 1979) (1979); T. Yanagida, Proceedings of "Workshop 
on Unified theory and baryon number in the universe", eds. O.Sawada and A. Sugamoto 
(KEK 1979) . 

K. Huitu, P.N. Pandita and K. Puolamaki, Phys. Lett. B423 (1998) 97. 

Particle Data Group, C. Caso et al., Eur. Phys. J. C3 (1998) 1. 

R. Kuchimanchi and R.N. Mohapatra, Phys. Rev. Lett. 75 (1995) 3989. 

C.S. Aulakh, A. Melfo, A. Rasin, G. Senjanovic, Phys. Rev. D58 (1998) 115007. 

C. S. Aulakh, A. Melfo, G. Senjanovic, Phys. Rev. D57 (1998) 4174. 

D. Comelli and J.R. Espinosa, Phys. Lett. B388 (1996) 793. 
S. Coleman and E. Weinberg, Phys. Rev. D7 (1973) 1888. 

M. Carena, J.R. Espinosa, C. Wagner, Phys. Lett. B355 (1995) 209. 

J.A. Casas, J.R. Espinosa, M. Quiros, A. Riotto, Nucl. Phys. B436 (1995) 3, Erratum- 
ibid.B439 (1995) 466. 

G. Ecker, W. Grimus, H. Neufeld, Phys. Lett. B 127 (1983) 365. 
M. Masip, A. Rasin, Phys. Rev. D 52 (1995) 3768. 
M.E. Pospelov, Phys. Rev. D 56 (1997) 259. 
R.N. Mohapatra, |hep-ph/9707518| . 
K. Puolamaki, in preparation. 

Z. Chacko, R.N. Mohapatra, Phys. Rev. D 58 (1998) 015001. 



29 



[45] J.F. Gunion, J. Grifols, A. Mendez, B. Kayser, F. Olness, Phys. Rev. D 40 (1989) 1546. 
[46] B. Dutta, R.N. Mohapatra, Phys. Rev. D 59 (1999) 015018. 

[47] T.G. Rizzo, Phys.Rev.D25 (1982) 1355, Phys.Rev.D27 (1983) 657;M. Lusignoli, S. Petrarca, 
Phys. Lett. B226 (1989) 397; M.D. Swartz, Phys. Rev. D40 (1989) 1521; J.A. Grifols, 
A. Mendez, G.A. Schuler, Mod. Phys. Lett. A4 (1989) 1485; N. Lepore, B. Thorndyke, 
H. Nadeau, D. London, Phys. Rev. D50 (1994) 2031; E. Accomando, S. Petrarca, Phys. 
Lett. B323 (1994) 212; G. Barenboim, K. Huitu, J. Maalampi, M. Raidal, Phys. Lett. B 394 
(1997) 132; S. Chakrabarti, D. Choudhuri, R.M. Godbole, B. Mukhopadhyaya, Phys. Lett. 
B434 (1998) 347; F. Cuypers, M. Raidal, Nucl. Phys. B501 (1997) 3; M. Raidal, Phys. Rev. 
D57 (1998) 2013; J.F. Gunion, Int.J.Mod.Phys. A13 (1998) 2277. 

[48] K. Huitu, J. Maalampi, A. Pietila, M. Raidal, Nucl. Phys. B 487 (1997) 27. 



30 



